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We consider the 3+1 dimensional Maxwell theory in the situation where going around nontrivial paths in
the spacetime involves the action of the duality transformation exchanging the electric field and the magnetic
field, and its SL(2,Z) generalizations. We find that the anomaly of this system in a particular formulation is
56 times that of a Weyl fermion. This result is derived in two independent ways: one is by using the bulk SPT
phase in 4+1 dimensions characterizing the anomaly, and the other is by considering the properties of a 5+1
dimensional superconformal field theory known as the E-string theory. This anomaly of the Maxwell theory
plays an important role in the consistency of string theory.
INTRODUCTION
Every physicist knows that the electromagnetic field is de-
scribed classically by the Maxwell equation, and that it is
invariant under the electromagnetic duality S : (E,B) 7→
(B,−E). The properties of the electromagnetic duality in the
quantum theory might not be as well known to physicists in
general, and in fact are not very well understood in the litera-
ture. This is particularly true when going around a nontrivial
path in the spacetime results in a duality transformation.1 In
this letter, we uncover a feature of the Maxwell theory and
its duality symmetry in such a situation, namely that it has a
quantum anomaly.
We recall that a quantum theory in d+1 dimensions with a
symmetry group G can have a quantum anomaly, in the sense
that its partition function has a controllable phase ambigu-
ity. Our modern understanding is that such a theory is better
thought of as living on the boundary of a symmetry protected
topological phase (SPT phase) in the (d+1)+1 dimensional
bulk. It was noticed in the last few years in [10–14] that a ver-
sion of the Maxwell theory, often called the all-fermion elec-
trodynamics, where all particles of odd charge are fermions,
has a global gravitational anomaly and lives on the boundary
of a certain bulk SPT phase. As we will see, this result is a
special case of the anomaly and the corresponding bulk SPT
1 One example is a periodic boundary condition twisted by duality: E(x +
L, y, z) = B(x, y, z) and B(x + L, y, z) = −E(x, y, z). This partic-
ular setup was studied by O. Ganor and his collaborators [1–4], but what
happens in a more general situation remains unanswered, to the authors’
knowledge. There is also a series of interesting papers on the flux sectors
of the Maxwell theory by G. W. Moore and his collaborators [5–7], which
are related to the inherent self-dual nature of the Maxwell theory. Another
intriguing scenario is to consider a Maxwell theory with dynamical “du-
ality gauge fields”, which might be thought of as a generalization of the
Alice electrodynamics [8, 9], where the charge conjugation C = S2 is
also gauged.
phase we find for the duality symmetry.
We study the anomaly and the bulk SPT phase by imitat-
ing the relationship between the 1+1d chiral boson and the
2+1d U(1)1 Chern-Simons theory and its generalization to
(4n+1)+1d self-dual form field and the (4n+2)+1d bulk the-
ory, studied e.g. in [15–21]. The essential point is that the
3+1d Maxwell theory with a nontrivial background for its du-
ality symmetry is a self-dual field, and we can utilize the tech-
niques developed in the papers listed above to study it. One
of our main messages is that the subtle and interesting issues
concerning the self-dual fields studied in the past already man-
ifest themselves in the case of the Maxwell theory, once the
non-trivial background for its duality symmetry is turned on.
Before proceeding, we note that the electromagnetic dual-
ity group in the quantum theory is in fact SL(2,Z) acting on
the lattice Z2 of the electric and magnetic charges. Its effect
on the Maxwell theory on a curved manifold was carefully an-
alyzed in [22, 23] and it was interpreted as a mixed SL(2,Z)-
gravitational anomaly in [24]. Our result in this paper can be
considered as the determination of the pure SL(2,Z) part of
the anomaly.
Our computation shows that the anomaly of the Maxwell
theory is 56 times that of a Weyl fermion, in a certain pre-
cise formulation of the duality. Where does this number 56
come from? We will provide an answer using the property of a
5+1d superconformal field theory originally found in [25, 26]
known as the E-string theory; the name comes from the fact
that it has E8 global symmetry. The E-string theory has two
branches of vacua, called the tensor branch and the Higgs
branch. On the Higgs branch the E8 symmetry is Higgsed to
E7, which acts on 28 fermions via its 56 dimensional funda-
mental representation; this is possible since a pseudo-real rep-
resentationR with dimR = 2k can act on k fermions in 5+1d
because the spin representation S in 5+1d is pseudo-real and
we can impose the Majorana condition on R ⊗ S. When one
moves to the tensor branch, the E8 symmetry is restored and
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2a self-dual tensor field appears. By compactifying this system
on T 2, one finds that one Maxwell field is continuously con-
nected to 56 Weyl fermions, showing that they should have
the same anomaly. The electromagnetic duality is formulated
as the SL(2,Z) acting on this torus T 2, and therefore is ge-
ometrized in this formulation. This means that both the purely
SL(2,Z) part and the mixed gravitational-SL(2,Z) part of the
3+1d anomaly come from the purely gravitational anomaly of
the 5+1d theory. These statements about the anomaly are valid
if the E8 background field is turned off.
The rest of the paper is organized as follows. We start by
recalling how the anomaly of a 1+1d chiral boson is captured
by the phase of the partition function of the 2+1d U(1) Chern-
Simons theory at level 1. We outline the path integral com-
putation of its phase, and how this can be matched with the
anomaly of a 1+1d chiral fermion. We then adapt this dis-
cussion to the anomaly of the 3+1d Maxwell theory and the
corresponding 4+1d bulk BdC theory. We will see that the
anomaly computed in this way reproduces the known anomaly
when the SL(2,Z) background is trivial. We then consider
the case of nontrivial SL(2,Z) backgrounds on S5/Zk, for
k = 2, 3, 4, 6, and note that the resulting phase is equal to 56
times that of a charged Weyl fermion. This plays an important
role in the consistency of the O3−-plane and its generaliza-
tions. Finally we explain why the anomaly of the Maxwell
theory has to be 56 times that of a charged Weyl fermion,
in terms of the six-dimensional superconformal field theory
known as the E-string theory. More details will be provided
in a longer version of the paper [27].
WARM-UP: ANOMALY OF 1+1D CHIRAL BOSON IN
TERMS OF 2+1D U(1) CHERN-SIMONS
We start by recalling the well-understood case of the
anomaly of the 1+1d chiral boson at the free fermion radius.
This theory naturally lives at the boundary of the 2+1d U(1)
Chern-Simons theory at level k = 1 whose Euclidean action
is −Sk=1 = pii
∫
(A/2pi)(F/2pi) [15, 28, 29]. The anomaly
is then characterized by the partition function of this Chern-
Simons theory on closed 3d manifolds M3.
Let us recall that the action at level 2, −Sk=2 =
2pii
∫
(A/2pi)(F/2pi), is well-defined modulo 2pii when the
manifold is oriented. However, there is a problem in dividing
it by two. To make the action Sk=1 well-defined modulo 2pii,
it is known that we need to pick a spin structure [30]. Once
this is done, the path integral can be performed explicitly,
since the theory is free. The details are given e.g. in [28, 31–
33]. Very roughly, we split the gauge field A into a sum of
the flat but topologically-nontrivial part and the topologically-
trivial but non-flat part. Assuming for simplicity that flat con-
nections on M3 are isolated, we have
ZU(1)CS(M3) =
[∫
[DA]top.triviale
pii
∫
(A/2pi)(F/2pi)
]
×
[∑
A:flat
epii
∫
(A/2pi)(F/2pi)
]
. (1)
Let us rewrite its phase.
The phase of the first term can be written in terms of the eta
invariant of the signature operator ∗d:
1
2pi Arg
∫
[DA]top.triviale
pii
∫
(A/2pi)(F/2pi) = − 18ηsignature. (2)
Here and below, the equality of the phase is modulo one and
is simply denoted by =. The phase of the second term can be
rewritten as
1
2pi Arg
∑
c∈H2(M3,Z)
q(c) =: Arf(q) (3)
where c = c1(F ) is the first Chern class of the gauge bundle
and q(c) := epii
∫
(A/2pi)(F/2pi).
We note that q(c) is simply the exponentiated level-1 clas-
sical action evaluated at a flat A. As recalled above, defining
it requires something more than an oriented manifold and the
integration on it. Mathematically, q is known as a quadratic
refinement of the torsion pairing on H2(M3,Z). The Arf in-
variant Arf(q) is defined by the equation above and is known
to take values in one eighth of an integer. We end up with the
formula
1
2pi ArgZU(1)CS(M3) = − 18ηsignature + Arf(q). (4)
Let us now recall that a chiral boson can be fermionized.
Then the bulk theory can be taken to be the 2+1d fermion with
infinite mass, whose partition function has the phase [34]
1
2pi ArgZfermion(M3) = ηfermion. (5)
The values of ηsignature and ηfermion on lens spaces are known
in the literature, e.g. [35]. For example, on M3 = S3/Z2,
ηsignature = 0, while Arf(q) and ηfermion can be either 1/8 or
−1/8, depending on the spin structure. On M3 = S3/Z3,
ηsignature = 2/9, Arf(q) = 1/4, and ηfermion = 2/9, as there is
a unique spin structure. We indeed confirm
− 18ηsignature + Arf(q) = ηfermion, (6)
which can be proved using a mathematical result [36]. We
note that ηsignature is independent of the spin structure but
Arf(q) does depend on the spin structure. In other words,
the spin structure provides us the quadratic refinement.
3THE ANOMALY OF THE MAXWELL THEORY
The analysis of the anomaly of the 1+1d chiral boson we re-
called above was generalized to the (4n− 3) + 1 dimensional
self-dual form fields in [37] at the perturbative level. The
study of the corresponding (4n − 2) + 1 dimensional theory
in the bulk, generalizing the 2+1d Chern-Simons theory, was
carried out in detail in [16–21]. The bulk theory has the action
−S = pii ∫ (A/2pi)d(A/2pi), where A is now an (2n − 1)-
form gauge field. Assuming H2n−1(M4n−1,R) = 0, the
phase of the partition function still has the form (4), where
q is now a quadratic refinement of the torsion pairing on
H2n(M4n−1,Z), and its choice is not obviously related to the
choice of the spin structure.
Here we are more interested in the 3+1d Maxwell the-
ory. The natural generalization in this case is to consider the
bulk theory with the action −S = pii ∫ [(B/2pi)d(C/2pi) −
(C/2pi)d(B/2pi)], where B and C are two 2-form gauge
fields to be path-integrated over. This action has the SL(2,Z)
symmetry acting on (B,C), which corresponds to the dual-
ity symmetry of the Maxwell theory. We can and will intro-
duce the background gauge field ρ for this SL(2,Z) symmetry,
which means that there is a nontrivial duality transformation
when going around a nontrivial loop in spacetime. The phase
of the partition function is then
1
2pi ArgZBdC(M5) = − 14ηsignature + Arf(q) (7)
where the eta invariant is now for the signature operator ∗d
acting on the differential forms tensored with (Z2)ρ, and q is
now the quadratic refinement of the natural torsion pairing on
H3(M5, (Z2)ρ). Here (Z2)ρ signifies the coefficient system
twisted by the SL(2,Z) bundle ρ. The eta invariant of the
signature operator with such a twist and its reduction from
higher dimensions was considered earlier in the mathematical
literature, see e.g. [38].
Let us first consider the case where we do not have the
SL(2,Z) background. In this case, the signature eta invariant
simply vanishes, and only the Arf invariant contributes. Re-
call that a quadratic refinement is simply the classical action
evaluated on flat B and C. Then a general quadratic refine-
ment can be written as∫
B
2pi
dC
2pi
+
∫
dB
2pi
C
2pi
+
∫ B
2pi
dC
2pi
, (8)
where B, C ∈ H2(M5,R/2piZ) are the background fields
for the electric and magnetic 1-form U(1) symmetry of the
Maxwell theory [39], which we chose to be flat. Its Arf in-
variant is computed to be
∫
(B/2pi)β(C/2pi) where β is the
Bockstein homomorphism β : H2(M5,R/Z)→ H3(M5,Z);
the Bockstein homomorphism β can roughly be regarded as
S5/Z2 S5/Z3 S5/Z4 S5/Z6
ηsignature 0 − 19 − 12 − 149
H3(M5, (Z2)ρ) (Z2)2 Z3 Z2 Z1
Arf(q) + 1
2
− 1
4
+ 1
8
0
1
2pi
ArgZ + 1
2
− 2
9
+ 1
4
+ 7
18
ηfermion − 116 − 19 − 532 − 35144
TABLE I. Partition functions and related data on S5/Zk.
the exterior derivative d when it acts on torsion elements of
cohomology groups. The end result is that
1
2pi ArgZBdC(M5) =
∫
(B/2pi)β(C/2pi). (9)
This reproduces a known result. Indeed, the mixed anomaly
is known to be of the form 2pii
∫
M5
(B/2pi)d(C/2pi), whose
mathematically precise formulation [40] reduces to (9) when
we only consider flat fields. Furthermore, we can take
B/2pi = C/2pi = w2 where w2 is the Stiefel-Whitney class of
the spacetime, here regarded as an element of H2(M5,R/Z)
by using Z2 → R/Z. The Maxwell theory with this coupling
is also known as the all-fermion electrodynamics, and has the
gravitational anomaly 2pii
∫
w2βw2 = pii
∫
w2w3 [13, 14].
Let us next consider the case when a nontrivial SL(2,Z)
background is present. We can choose the symmetry structure
on M5 to consider, such as spin× SL(2,Z) or spin-Mp(2,Z)
(:= spin×Z2 Mp(2,Z)), distinguished by whether C2 = +1
or = (−1)F . Here, C ∈ SL(2,Z) is the charge conjugation
C : (E,B) 7→ −(E,B) and the metaplectic group Mp(2,Z)
is the double cover of the group SL(2,Z). We will focus on
the latter case in this letter, as it has a natural connection to the
6+1dCdC theory on a spin 7-manifold as we will see. Canon-
ical examples of M5 associated with this symmetry structure
are S5/Zk, k = 2, 3, 4, 6, where going around the generator of
pi1(S
5/Zk) = Zk comes with the duality action by an element
g of order k in SL(2,Z); while S5/Zk is not spin for even k,
it has a natural spin-Z2k structure for any k by embedding
S5/Zk ⊂ C3/Zk. Then we get spin-Mp(2,Z) structure by
embedding Z2k ⊂ Mp(2,Z). The results of explicit compu-
tations for (7) are tabulated in Table I. When there are multiple
choices for g or q, we chose a particular one. Other quadratic
refinements correspond to different background fields (B, C)
for electromagnetic 1-form symmetries.
When k = 2, the relevant element in SL(2,Z) is just the
charge conjugation symmetry C. This case has the anomaly
1
2pi ArgZ = 1/2 on S
5/Z2. This is responsible for the differ-
ence 1/2 of the RR charges of the O3+-plane and O3−-plane
in Type-IIB string theory [41]. As explained in [42], for the
consistency of the theory, the fractional part of the RR charge
must be exactly negative of the anomaly of a D3-brane liv-
4ing on S5/Z2. The background (B, C) produced by O3± is
such that only the O3− leads to the anomaly of the Maxwell
theory, explaining the difference of the RR charges; we note
that the charge 1/4 of the O3+-plane was already explained
by the fermion anomaly [42]. We can also check that the re-
sulting 12pi ArgZ for other k is exactly what is necessary to
reproduce the RR charge of the N=3 S-fold [43, 44].
Let us now consider the infinitely massive fermions encod-
ing the anomaly of a 3+1d Weyl fermion of unit charge under
Z2k, which was studied in [45–47]. The corresponding eta in-
variants on S5/Zk are also tabulated in Table I. We can check
that the relation
− 14ηsignature + Arf(q) = 56ηfermion (10)
holds for the choices of the Arf invariants given in Table I.
WHY 56?
The relation (10) about the anomaly of the Maxwell theory
and 56 Weyl fermions in 3+1 dimensions reminds us of the
relation (6) about the anomaly of a chiral boson and a chi-
ral fermion in 1+1 dimensions. In the latter case, the equal-
ity should evidently hold because a chiral fermion can be
bosonized to a chiral boson in 1+1 dimensions. It also ex-
plained the reason how and why the spin structure could be
used to define the quadratic refinement necessary to formulate
the integrand of the U(1) Chern-Simons theory. In 3+1 di-
mensions, however, the Maxwell theory and 56 Weyl fermions
are two clearly different theories. What is the relation? How
and why does the spin (or more precisely the spin-Z2k) struc-
ture provide the necessary quadratic refinement? One expla-
nation is provided, somewhat surprisingly, by supersymmetric
physics in 5+1 dimensions.
Consider a self-dual tensor field in 5+1 dimensions. Its di-
mensional reduction on T 2 gives rise to the Maxwell theory
in 3+1 dimensions, geometrizing the SL(2,Z) duality sym-
metry of the Maxwell theory. Correspondingly, the (4+1)-
dimensional BdC theory on M5 coupled to an SL(2,Z) bun-
dle is the dimensional reduction of the (6+1)-dimensional
CdC theory on M7, which is the T 2 bundle over M5.
We now embed this theory of a self-dual tensor field into
the tensor branch of the E-string theory [25, 26] which de-
scribes an M5-brane close to the spacetime boundary carrying
the E8 gauge symmetry [48, 49]. We can now bring the M5-
brane close to the spacetime boundary, and transform it into an
E8 instanton of nonzero size. This corresponds to the Higgs
branch of the E-string theory, on which an E7 subgroup of E8
remains unbroken. In this process, one self-dual tensor field
is converted into 28 = 56/2 chiral fermions in 5+1 dimen-
sions, transforming under the fundamental 56-dimensional
5+1d
3+1d Maxwell
Self-dual tensor
T 2
∪
Tensor branch Higgs branch
28 fermions
56 fermions
∪
E-string
continuous
deformation
FIG. 1. Maxwell to 56 fermions, via E-string theory
representation of E7. Since this is a continuous process, the
anomaly at the start and the anomaly at the end should be the
same; previously the same argument was used to compute the
anomaly polynomial of the E-string theory in [50] (which re-
produced earlier results in [51–53]), but the same statement is
true even for subtler anomalies we are discussing now. Since
one chiral fermion in 5+1 dimensions gives rise to two chiral
fermions in 3+1 dimensions, we conclude that the anomaly
of the Maxwell theory, formulated as the T 2 compactification
of the (5+1)d self-dual field with the trivial E8 background,
should be equal to that of the 56 Weyl fermions. See Fig. 1.
If we turn on a nontrivial E7 background AE7 on the
fermion side, the data is translated on the self-dual tensor
side into the background 3-form field C which couples to the
dynamical self-dual tensor field, which is basically given by
the Chern-Simons term constructed from AE7 . When AE7
is flat, this determines a quadratic refinement required to de-
fine the 6+1d CdC theory. In particular, the trivial E7 back-
ground which is available on any manifold provides a canon-
ical quadratic refinement for the 6+1d CdC theory, and this
construction only requires the spin structure. This point was
already essentially made in [54].
Since this explanation of (10) requires a lot of information
from string and M-theory, it would be of independent interest
to check the equality (10) by a direct analysis in 3+1 and 4+1
dimensions. To translate the analysis in 5+1 dimensions to
the study of the Maxwell theory, we need to require that the
T 2 bundle over M5 specified by the SL(2,Z) background is
equipped with a spin structure. This means that the symmetry
structure we consider is a spin-Mp(2,Z) structure. According
to the cobordism classification theorem [55–58], the anomaly
of any system with this symmetry is classified by the dual of
Ω
spin-Mp(2,Z)
5 = Z9⊕Z32⊕Z2, which is the bordism group for
closed 5-manifolds with spin-Mp(2,Z) structures and is gen-
erated by S5/Z3, S5/Z4, and [(S5/Z4)′+9(S5/Z4)], respec-
tively, where (S5/Z4) and (S5/Z4)′ both have the spin-Z8
structure coming from the embedding S5/Z4 ⊂ C3/Z4 but
with different actions of Z4 given by diag(i, i, i,±i). We have
not directly determined which quadratic refinement comes
from the trivial E7 field, but we have checked that for a suit-
able choice we have the equality (10) for each case, providing
a strong check of our identification (10).
5ACKNOWLEDGMENTS
The authors thank Nati Seiberg for useful comments on a
draft of this letter. YT also thanks Yu Nakayama for pointing
out the relevance of papers by O. Ganor and collaborators [1–
4] to the authors. CTH and YT are in part supported by WPI
Initiative, MEXT, Japan at IPMU, the University of Tokyo.
CTH is also supported in part by JSPS KAKENHI Grant-in-
Aid (Early-Career Scientists), No.19K14608. YT is also sup-
ported in part by JSPS KAKENHI Grant-in-Aid (Wakate-A),
No.17H04837 and JSPS KAKENHI Grant-in-Aid (Kiban-S),
No.16H06335. KY is supported by JSPS KAKENHI Grant-
in-Aid (Wakate-B), No.17K14265.
[1] O. J. Ganor and Y. P. Hong, Selfduality and Chern-Simons
Theory, arXiv:0812.1213 [hep-th].
[2] O. J. Ganor, Y. P. Hong, and H. S. Tan, Ground States of
S-Duality TwistedN = 4 Super Yang-Mills Theory, JHEP 03
(2011) 099, arXiv:1007.3749 [hep-th].
[3] O. J. Ganor, Y. P. Hong, R. Markov, and H. S. Tan, Static
Charges in the Low-Energy Theory of the S-Duality Twist,
JHEP 04 (2012) 041, arXiv:1201.2679 [hep-th].
[4] O. J. Ganor, N. P. Moore, H.-Y. Sun, and N. R. Torres-Chicon,
Janus configurations with SL(2,Z)-duality twists, strings on
mapping tori and a tridiagonal determinant formula, JHEP 07
(2014) 010, arXiv:1403.2365 [hep-th].
[5] D. S. Freed, G. W. Moore, and G. Segal, The Uncertainty of
Fluxes, Commun. Math. Phys. 271 (2007) 247–274,
arXiv:hep-th/0605198.
[6] D. S. Freed, G. W. Moore, and G. Segal, Heisenberg Groups
and Noncommutative Fluxes, Annals Phys. 322 (2007)
236–285, arXiv:hep-th/0605200.
[7] A. Kitaev, G. W. Moore, and K. Walker, Noncommuting Flux
Sectors in a Tabletop Experiment, arXiv:0706.3410 [hep-th].
[8] A. S. Schwarz, Field theories with no local conservation of the
electric charge, Nucl. Phys. B 208 (1982) 141–158.
[9] M. Bucher, H.-K. Lo, and J. Preskill, Topological approach to
Alice electrodynamics, Nucl. Phys. B 386 (1992) 3–26,
arXiv:hep-th/9112039.
[10] C. Wang, A. C. Potter, and T. Senthil, Classification of
Interacting Electronic Topological Insulators in Three
Dimensions, Science 343 (2014) 629,
arXiv:1306.3238 [cond-mat.str-el].
[11] S. M. Kravec and J. McGreevy, A Gauge Theory
Generalization of the Fermion-Doubling Theorem, Phys. Rev.
Lett. 111 (2013) 161603, arXiv:1306.3992 [hep-th].
[12] S. M. Kravec, J. McGreevy, and B. Swingle, All-Fermion
Electrodynamics and Fermion Number Anomaly Inflow, Phys.
Rev. D92 (2015) 085024, arXiv:1409.8339 [hep-th].
[13] R. Thorngren, Framed Wilson Operators, Fermionic Strings,
and Gravitational Anomaly in 4D, JHEP 02 (2015) 152,
arXiv:1404.4385 [hep-th].
[14] J. Wang, X.-G. Wen, and E. Witten, A New SU(2) Anomaly,
arXiv:1810.00844 [hep-th].
[15] S. Gukov, E. Martinec, G. W. Moore, and A. Strominger,
Chern-Simons Gauge Theory and the AdS3 / CFT(2)
Correspondence, arXiv:hep-th/0403225.
[16] D. Belov and G. W. Moore, Holographic Action for the
Self-Dual Field, arXiv:hep-th/0605038.
[17] S. Monnier, Topological Field Theories on Manifolds with Wu
Structures, Rev. Math. Phys. 29 (2017) 1750015,
arXiv:1607.01396 [math-ph].
[18] S. Monnier, The Anomaly Field Theories of Six-Dimensional
(2,0) Superconformal Theories, arXiv:1706.01903 [hep-th].
[19] S. Monnier, G. W. Moore, and D. S. Park, Quantization of
anomaly coefficients in 6DN = (1, 0) supergravity, JHEP 02
(2018) 020, arXiv:1711.04777 [hep-th].
[20] S. Monnier and G. W. Moore, Remarks on the Green-Schwarz
Terms of Six-Dimensional Supergravity Theories,
arXiv:1808.01334 [hep-th].
[21] S. Monnier and G. W. Moore, A Brief Summary of Global
Anomaly Cancellation in Six-Dimensional Supergravity,
arXiv:1808.01335 [hep-th].
[22] E. Witten, On S Duality in Abelian Gauge Theory, Selecta
Math. 1 (1995) 383, arXiv:hep-th/9505186.
[23] E. Verlinde, Global aspects of electric-magnetic duality, Nucl.
Phys. B 455 (1995) 211–225, arXiv:hep-th/9506011.
[24] N. Seiberg, Y. Tachikawa, and K. Yonekura, Anomalies of
Duality Groups and Extended Conformal Manifolds, PTEP
2018 (2018) 073B04, arXiv:1803.07366 [hep-th].
[25] O. J. Ganor and A. Hanany, Small E8 Instantons and
Tensionless Non-critical Strings, Nucl. Phys. B474 (1996)
122–140, arXiv:hep-th/9602120.
[26] N. Seiberg and E. Witten, Comments on String Dynamics in
Six-Dimensions, Nucl. Phys. B471 (1996) 121–134,
arXiv:hep-th/9603003.
[27] C.-T. Hsieh, Y. Tachikawa, and K. Yonekura. to appear.
[28] E. Witten, Quantum Field Theory and the Jones Polynomial,
Commun. Math. Phys. 121 (1989) 351–399.
[29] M. Bos and V. P. Nair, U(1) Chern-Simons Theory and C=1
Conformal Blocks, Phys. Lett. B223 (1989) 61–66.
[30] D. Belov and G. W. Moore, Classification of Abelian Spin
Chern-Simons Theories, arXiv:hep-th/0505235.
[31] M. Manoliu, Abelian Chern-Simons Theory, J. Math. Phys. 39
(1998) 170–206, arXiv:dg-ga/9610001.
[32] L. Jeffrey and B. McLellan, Nonabelian localization for U(1)
Chern-Simons theory, in Geometric aspects of analysis and
mechanics, vol. 292 of Progr. Math., pp. 199–212.
Birkha¨user/Springer, New York, 2011.
arXiv:0903.5093 [math.DG].
[33] L. Jeffrey and B. McLellan, Eta-invariants and anomalies in
U(1) Chern-Simons theory, in Chern-Simons gauge theory: 20
years after, vol. 50 of AMS/IP Stud. Adv. Math., pp. 173–199.
Amer. Math. Soc., Providence, RI, 2011.
arXiv:1004.2913 [math.SG].
[34] L. A´lvarez-Gaume´, S. Della Pietra, and G. W. Moore,
Anomalies and Odd Dimensions, Annals Phys. 163 (1985)
288.
[35] P. B. Gilkey, The eta invariant and the K-theory of
odd-dimensional spherical space forms, Invent. Math. 76
6(1984) 421–453.
[36] G. W. Brumfiel and J. W. Morgan, Quadratic functions, the
index modulo 8, and a Z/4-Hirzebruch formula, Topology 12
(1973) 105–122.
[37] L. A´lvarez-Gaume´ and E. Witten, Gravitational Anomalies,
Nucl. Phys. B234 (1984) 269.
[38] J.-M. Bismut and J. Cheeger, Transgressed Euler classes of
SL(2n,Z) vector bundles, adiabatic limits of eta invariants
and special values of L-functions, Ann. Sci. E´cole Norm. Sup.
(4) 25 (1992) 335–391.
[39] D. Gaiotto, A. Kapustin, N. Seiberg, and B. Willett,
Generalized Global Symmetries, JHEP 02 (2015) 172,
arXiv:1412.5148 [hep-th].
[40] J. Cheeger and J. Simons, Differential characters and
geometric invariants, in Geometry and topology, vol. 1167 of
Lecture Notes in Math., pp. 50–80. Springer, Berlin, 1985.
[41] E. Witten, Baryons and Branes in Anti-de Sitter Space, JHEP
07 (1998) 006, arXiv:hep-th/9805112.
[42] Y. Tachikawa and K. Yonekura, Why are Fractional Charges of
Orientifolds Compatible with Dirac Quantization?,
arXiv:1805.02772 [hep-th].
[43] I. Garcı´a-Etxebarria and D. Regalado,N = 3 Four
Dimensional Field Theories, JHEP 03 (2016) 083,
arXiv:1512.06434 [hep-th].
[44] O. Aharony and Y. Tachikawa, S-Folds and 4DN = 3
Superconformal Field Theories, JHEP 06 (2016) 044,
arXiv:1602.08638 [hep-th].
[45] I. Garcı´a-Etxebarria and M. Montero, Dai-Freed anomalies in
particle physics, arXiv:1808.00009 [hep-th].
[46] C.-T. Hsieh, Discrete Gauge Anomalies Revisited,
arXiv:1808.02881 [hep-th].
[47] M. Guo, K. Ohmori, P. Putrov, Z. Wan, and J. Wang,
Fermionic Finite-Group Gauge Theories and Interacting
Symmetric/Crystalline Orders via Cobordisms,
arXiv:1812.11959 [hep-th].
[48] P. Horˇava and E. Witten, Heterotic and Type I String Dynamics
from Eleven-Dimensions, Nucl. Phys. B460 (1996) 506–524,
arXiv:hep-th/9510209.
[49] P. Horˇava and E. Witten, Eleven-Dimensional Supergravity on
a Manifold with Boundary, Nucl. Phys. B475 (1996) 94–114,
arXiv:hep-th/9603142.
[50] H. Shimizu, Y. Tachikawa, and G. Zafrir, Anomaly Matching
on the Higgs Branch, JHEP 12 (2017) 127,
arXiv:1703.01013 [hep-th].
[51] K. Ohmori, H. Shimizu, and Y. Tachikawa, Anomaly
Polynomial of E-String Theories, JHEP 08 (2014) 002,
arXiv:1404.3887 [hep-th].
[52] K. Ohmori, H. Shimizu, Y. Tachikawa, and K. Yonekura,
Anomaly polynomial of general 6d SCFTs, PTEP 2014 (2014)
103B07, arXiv:1408.5572 [hep-th].
[53] K. Intriligator, 6d,N = (1, 0) Coulomb branch anomaly
matching, JHEP 10 (2014) 162, arXiv:1408.6745 [hep-th].
[54] E. Witten, On Flux Quantization in M Theory and the Effective
Action, J.Geom.Phys. 22 (1997) 1–13, arXiv:hep-th/9609122.
[55] A. Kapustin, Symmetry Protected Topological Phases,
Anomalies, and Cobordisms: Beyond Group Cohomology,
arXiv:1403.1467 [cond-mat.str-el].
[56] A. Kapustin, R. Thorngren, A. Turzillo, and Z. Wang,
Fermionic Symmetry Protected Topological Phases and
Cobordisms, JHEP 12 (2015) 052,
arXiv:1406.7329 [cond-mat.str-el].
[57] D. S. Freed and M. J. Hopkins, Reflection Positivity and
Invertible Topological Phases, arXiv:1604.06527 [hep-th].
[58] K. Yonekura, On the Cobordism Classification of Symmetry
Protected Topological Phases, arXiv:1803.10796 [hep-th].
